
0013-7227/93/1 325-2024$03.00/0 Vol. 132. No. 5

Endocrinology Printed in u s *

Copyright K 1993 by The Eodocrine Society

Analysis of Parathyroid Hormone's Principal Receptor-

Binding Region by Site-Directed Mutagenesis and

Analog Design

THOMAS I GARDELLA* ANDREW K. WILSON, HENRY T. KEUTMANN,

ROBERT OBERSTEIH JOHN T. POTTS, JR., HENRY, M. KRONENBERG, and

SAMUEL R. NUSSBAUM

Endocrine Unit, Massachusetts General Hospital and Harvard Medical School,

Boston, Massachusetts 021 14

ABSTRACT
Previous deletion studies established that the 25-34 region of PTH

is important for receptor binding. We used oligonucleotide-directed

mutagenesis to generate 47 different mutations in this region of human

(h) PTH-U-84) and evaluated cAMP-stimulating activity in ROS 1 //

2 8 cells. The hydrophobic residues Leu" and Leu*
1 stood out as

mutationally intolerant sites, while neighboring polar residues were

comparatively tolerant. A series of syntheticP™J^<W£" desipwd

to test these residues further. The affinity of [Tyr*lhPTH-(l-34)NH2

for ROS 17/2.8 cells [dissociation constant (Kd), -5 nM)] was dramat-

ically reduced by the substitution of either Leu" or Leu with Glu (K d ,

-20 000 and 8,000 nM, respectively). The Val
M-*Glu substitution also

sharply reduced affinity (Kd) -200 nM). In contrast, the nearby charge-

THE INFORMATION required for high affinity binding

of PTH to bone and kidney cell receptors is contained

within the biologically active 1-34 region (1). The ammo-

terminus of PTH is essential for triggering the adenylate

cyclase response pathway (2, 3), but it also contributes mod-

estly to receptor-binding affinity. In addition to a nearly

complete loss of cAMP agonism, the deletion of residues 1-

6 is accompanied by an approximately 100-fold decrease in

receptor-binding affinity (4-7). The major component of

PTH receptor-binding affinity, however, appears to be de-

termined by residues in the carboxy-tenninal portion of the

1-34 fragment. Deletion of residues 28-34 causes at least a

1000-fold reduction in binding affinity (5). Furthermore,

PTH-(25-34) displays weak, but detectable, receptor binding

affinity (Kd, -100 mm) (5). In contrast, no evidence for recep-

tor interaction has been obtained for amino-tenninal frag-

ments shorter than PTH-(l-27) (3, 8). Based on these obser-

vations, the 25-34 region has been called the hormone's

principal receptor-binding domain (5).

The carboxy-terminal region of the PTH-(l-34) fragment

is highly conserved in evolution. Among the known mam-

malian PTH sequences, residues 23-34 are invariant. This

12-residue sequence of the mammalian hormone diverges

only slightly from the corresponding sequence of the chicken

hormone, with differences occurring only at positions 25, 26,

33, and 34 (9). Interestingly, the 1-34 fragment of PTH-

reversing change of Asp30—Lys had no effect on binding affinity (Kd ,

-5 nM) Similar effects were observed in the opossum kidney cell line.

The binding of [Tyrl4]hPTH-(15-34)NH J to ROS 17/2.8 and opossum

kidnev cells (Kd, ~l0/-tM) was abolished by Glu substitutions at position

24 28" or 31; the Lys30 change was without effect. These results suggest

that the adverse effects of the Glu substitutions on receptor binding

are not due purely to the disruption of tertiary interactions with the 1-

14 region. Circular dichroism spectroscopy indicated that the substi-

tutions do not affect local helical structure. The data suggest that Leu ,

LeuM and Val31 contribute important receptor-bindmg interactions

and are consistent with the hypothesis that an arnphipathic or-helix in

the carboxy-terminal region of PTH-fl-34) is involved in receptor

binding. {Endocrinology 132: 2024-2030, 1993)
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related peptide (PTHrP) binds to the same receptor site as

PTH (10-12). While the 1-13 regions of hPTHrP and hPTH

are identical at eight sites, their 14-34 regions share only

three identities: Arg20
, Leu

24
, and His32 (13). Therefore, it is

intriguing that fragments of PTH and PTHrP lacking the

conserved 1-13 sequence bind with equivalent affinities to

the same receptor site (14, 15). This result may be an indi-

cation that the two peptides adopt similar conformations

when bound to the receptoT. Recent nuclear magnetic reso-

nance imaging (NMR) analyses of PTH-(l-34) (16) and

PTHrP(l-34) (17), however, suggest that in certain solvents

the carboxy-terminal regions of the two peptides are struc-

turally distinct. In 10% trifluroethanol, residues 17-28 of

PTH are a-helical, while in water, this region of PTHrP is

ordered, but nonhelical. Whether these conformational dif-

ferences are maintained in the receptor-bound state is cur-

rently unkown.

A greater understanding of PTH/PTHrP conformation and

receptor interaction will depend on such biophysical analyses

as well as functional studies that use modified ligands to

identify critical amino acids. As part of our efforts to identify

the sites in PTH that determine receptor-binding affinity, we

conducted a mutational analysis of the hormone's conserved

23-35 region. We first screened a panel of randomly gener-

ated hPTH-(l-84) mutants for biological activity and then

designed and characterized a series of synthetic analogs with

which to further explore the role of selected residues. The

data suggest that certain hydrophobic residues in the target

2024
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region that are conserved in PTH and PTHrP are important
for PTH receptor binding.

Materials and Methods

Cell culture

Cell lines were maintained in a humidified atmosphere containing
95% air-5% COi in 250-mJ culture flasks (75 cm1

). Cells were subcul-
tured into 24-well plates before DNA transfection or biological activity

assays. COS-7 and OK cells were cultured in Duibecco's Modified Eagle's
Medium (Mediatech, Washington DC) supplemented with 10% fetal

bovine serum (Hyclone Laboratories, Logan, UT); ROS 17/2.8 cells were
cultured in Ham's F-12 medium (Media tech) supplemented with 5%
fetal calf serum.

PTH mutagenesis

Mutations were introduced into the hPTH-(l-84) cDNA sequence
carried on theplasmid pCDM-PTH-1 (18) by site-directed mutagenesis
(19). Three separate pools of partially degenerate oligonucleotides were
used to mutagenize codons 23-27, 28-31, and 32-35. Phagemid super-
natents from approximately 600 independent transformants of the E.

coli strain Fg2 were screened for mutations by slot blot hybridization,
using a

32
P-labeled wild-type oligonucleotide spanning the target region

as the probe. Sequence analysis of single stranded plasmid DNA ob-
tained from the resulting 173 nonhybridizing mutants revealed 47
differrent single residue substitutions. The remaining nucleotide changes
resulted in multiple amino acid substitutions, termination codons, or the
wild -type polypeptide sequence.

Human PTH-(l-84) expression

Double stranded plasmid DNA of each mutant was introduced into
COS-7 cells by diethylaminoethyl-dextran transfection (20). Three to 5
days later, the conditioned media containing secreted hormone were
harvested, and PTH levels were quantified by an immunoradiometric
assay (IRMA) specific for intact hPTH-(l-84) (Nichols Institute, San
Jaun Capistrano, CA). The average hPTH-(l-84) concentration in these
media was 7.0 ± 0.5 nM. Media containing less than 2 nM PTH were not
included in the study. The PTH concentration in these media was also
measured using a RIA directed against the 44-68 region of hPTH
(Nichols). The results of the midregion RIA agreed closely with those
obtained by IRMA. The media were not specifically assayed for possible
amino-terminal PTH fragments, the presence of which could lead to an
overestimation of a mutant's biological activity. We recently showed,
however, that COS cells transfected with pCDM-PTH-1 do not secrete
amino-terminal PTH fragments in significant amounts (21).

Peptide synthesis

Derivatives of [Tyr^JhPTH^l-34)NH2 and [T>r*]hrTH-(15-34)NH2

were prepared by the solid phase procedure (22), using an Applied
Biosystems model 430 peptide synthesizer (Foster City, CA). Peptides
were purified by gel filtration and sequential HPLC Amino add com-
position, sequence analysis, and pulse desorption mass spectroscopy
verified the authenticity of each peptide.

Competitive radioreceptor binding

Binding assays were performed as previously described (18). Briefly,

ROS17/2,8 and OK cells were maintained in 24-well plates as confluent
monolayers for 3-5 days before assay. Binding reactions (300 /il) con-
tained binding buffer [50 nw Tris-HO (pH 7.7), 100 ihm NaCI, 5 him
KC1, 2 mM CaCl, 5% heat-inactivated horse serum, and 0.5% fetal

bovine serum], an unlabeled PTH analog, and radiolabeled PTH (50,000
cpm), the latter two diluted in binding buffer. The tracer,

1

"I-labeled
[Nlesl8,TyrMjbPTH-(l-34)NH2 (2.2 X 106 mCi/mM), was prepared by
chloramine-T iodination, using t23INa (New England Nuclear, Bos-

ton, MA), and HPLC purified. After 4 h at 16 C the binding mixture
was removed, the cells were rinsed 3 times with 0.5 ml binding buffer
and lysed with 0.5 ml 5 m NaOH, and the entire lysate was counted for

7 -irradiation. Nonspecific binding and total binding were determined
for each plate from triplicate wells containing 1 /im unlabeled (Tyr

34

]

hPTH-(l-34)NH2 and no unlabeled PTH, respectively. The specific

binding at each dose of ligand was expressed as a percentage of the total

specific binding. Dissociation constants (K«j) were estimated from the
binding curves.

Intracellular cAMP stimulation assays

Cells were cultured as they were for binding assays. For assay of
hPTH-(l-84) mutants, the 24-well plates containing confluent ROS 17/
2.8 cells were chilled on ice, ceil monolayers were rinsed with cold
binding buffer, and 200 /il cAMP assay buffer [Duibecco's Modified
Eagle's Medium containing 2 mM 3-isobutyl-l-methylxanthine, 1 mg/
ml BSA, 35 mM HEPES-NaOH (pH 7.4), and 20 /ig/m! ascorbic acid]

and 100 n\ conditioned COS cell medium containing an hPTH-(l-84)
mutant were added. Plates were transferred to a 37 C incubator for 30
min. The buffer was then withdrawn, and the cells were lysed by adding
0.5 ml 50 m.M HC1 and freezing the plate on dry ice. The cAMP in the
lysate was quantified by RIA (Biomedical Technologies, Inc., Read-
ing, MA). Synthetic PTH-(l-34) analogs were assayed in a similar fash-
ion, except that 100 fi\ binding buffer containing a diluted peptide were
added in place of the COS cell medium. The cAMP response elicited by
each PTH-(l-84) mutant was adjusted for the concentration of immu-
noreactive hPTH-(l-84) in the conditioned COS medium (determined
by IRMA) and expressed as a percentage of the response elicited by the
COS medium obtained from cells transfected with wild-type pCDM-
PTH-1. Data from independent mutants with identical mutations were
combined. Activities of hPTH-(l-34) analogs were expressed as a per-
centage of the maximum cAMP response attained with the parent
peptide, [Tyr"]hPTH-(l-34)NH2 .

Circular dichroism

Circular dichroism spectra were obtained with a Jasco J-500A spec-
tropolarimeter (Easton, MD). Spectra were recorded in either TES [N-
Tris-(hydroxymethy1)2-aminoethanesulfonic acid] buffer at pH 7.5 or in

TES buffer containing 50% trifluoroethanol (TFE). Spectra were recorded
between 180-260 nM at 25 C; the cuvette path length was 100 mm, and
the concentration of petide in the cell ranged from 0.096-0.110 mg/ml,
as determined by amino acid analysis. Estimations of secondary structure
were made based on the method of Chen et al (23).

Results

We used site-directed mutagenesis to randomly mutate
residues 23-35 of hPTH-(l-84)/ expressed the mutants in

COS-7 cells, and evaluated their biological activities in the
rat osteosarcoma cell line ROS 17/2.8. The concentration of
hPTH-(l-84) obtained from transfected COS cells (7 ± 0.5

nM) approximated the dose at which hPTH-(l-84) stimulates

a half-maximal cAMP response in ROS 17/2.8 cells (24).

Therefore, we could screen each mutant for function by
treating ROS 17/2.8 cells directly with the conditioned COS
medium and measuring the resulting increase in intracellular

cAMP (Fig. 1). Several sites in the target region could tolerate

a variety of mutations. At these sites, which included Lys26,

Lys27, Gin29
, Asp30

, His32
, Asn33

, Phe34
, and Val35, none of

the changes reduced activity to below the detection limit of
the assay (~2% the activity of the wild-type hormone), and
many changes resulted in a fully active hormone. Two resi-

dues that appeared comparatively intolerant of mutation
were Leu24 and Leu28

. None of the changes at these two sites
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Fig. 1. Scanning mutagenesis of the 23-

35 region of hPTH-(l-84). hPTH-(l-*4)

mutants were produced in COS-7 cells

and screened for cAMP-stimulating ac-

tivity in ROS 17/2.8 cells, as described

in Materials and Methods. The activity

of each mutant is expressed relative to

the activity of the wild-type hPTH-(l-

84) control, also produced in COS-7 cells.

Values are the mean ± SEM of between

3-10 independent determinations.

resulted in full potentcy, and at least one change at each site

abolished activity. Val
31 displayed an intermediate level of

mutational tolerance; the Met31 mutant was fully active, but

the Glu31 and Glv31 mutants displayed only a weak cAMP

response. It is difficult to gauge the mutational tolerance of

some sites, such as Trp23 and Arg25
, because only two changes

with varying effects were obtained. While the Cys • and

Pro" mutants were inactive, the Leu 23 and His25 mutants

displayed partial activities.

One pattern that emerged from screening these mutants

was that polar residues at the normally hydrophobic sites of

Leu24
, Leu28

, and Val31 were not well tolerated. It has been

postulated that the carboxy-terminal region of PTH-(l-34)

could form an amphipathic a-helix which may be involved

in function (25, 26). The finding that polar substitutions at

the residues that form the major portion of the hydrophobic

face of this putative helix (26) resulted in decreased biological

activity led us to design [Tyr
34]hPTH-(l-34)NH2 analogs with

modifications that would further test the roles of these resi-

dues. Leu24
, Leu

28
, and Val31 were individually replaced with

a negatively charged glutamic acid residue. For comparison,

we replaced the neighboring Asp30 residue with a positively

charged lysine. Figure 2A shows that in ROS 17/2.8 cells,

each of the Glu substitutions caused a dramatic reduction in

binding affinity. The binding affinities of the Glu24
- and

Glu29-substituted analogs were reduced by factors of 4000

and 1600 {Kd, -20,000 and 8,000 nM), respectively, relative

to that of the parent peptide (Kd, -5 hm). The affinity of the^

Glu31 analog was reduced by a factor of 40 (Kd, -200 nM):

In contrast, the nonconservative change of Asp->Lys at

position 30 had no effect on receptor-binding affinity (Kd,

~5 nM). The effects of these substitutions on cAMP-stimu-

lating activity in ROS 17/2.8 cells were in approximate

proportion to their effects on receptor-binding affinity (Fig.

2C) The Glu24
, Glu

26
, and Glu31 analogs were all very weak

agonists, while the Asp30—Lys-substituted peptide displayed

a slight (3-fold) increase in cAMP-generating potency relative

to that of the parent peptide.

The sequences of the PTH receptor cDNAs obtained from

ROS 17/2.8 cells and opossum kidney (OK) cells reveal that

the two receptors are 78% identical at the amino acid level

(27, 28). Figure 2, B and D, shows that the above series of

PTH(l-34) modifications caused effects on the ligand's in-

teraction with the OK cell receptor which were similar to

those observed with the structurally distinct ROS 17/2.8 cell

receptor. As in ROS cells, the Glu24 substitution had the most

dramatic effect on OK cell binding and reduced affinity by

about 5,000-fold (Kd, -10,000 nM) relative to that of the

parent peptide (Kd, -2 nM). The Glu28 and Glu31 substitutions

also reduced binding affinity for OK cells, although their

effects on OK cell binding were slightly less severe than they

were on ROS 17/2.8 cell binding. In OK cells, the Glu28 and

Glu31 substitutions reduced binding affinity 200- and 10-fold

(Kd, -400 and 20 nM), respectively, relative to that of the

parent peptide. As in ROS 17/2.8 cells, the Lys
30 substitution

had no effect on OK cell binding affinity. The cAMP-stimu-

lating activities of these analogs in OK cells were in approx-

imate proportion to their receptor-binding affinities (Fig. 2D).

The ability of the Glu31 and Glu28 analogs to stimulate a full

cAMP response in OK cells, but not in ROS 17/2.8 cells, is

presumably a reflection of their slightly higher affinity for

the OK cell receptor. In general, the modifications in this

series of analogs cause similar effects on both ROS 17/2.8

and OK cell receptor interactions.

A possible model to explain the substantial reduction in

binding affinities associated with the glutamate substitutions

is that they disrupt important conformational interactions. If

the adverse effects of the Glu substitutions are due solely to

the disruption of tertiary interactions with the 1-14 region,

then they should have no effect on the binding of the PTH-

(15-34) fragment. To investigate such possible intramolecu-

lar interactions, we introduced the same series of substitu-

tions into the PTH-(15-34) fragment and determined their

effects on receptor binding. As shown in Fig. 3, the parent

peptide, [Tyr
34]hPTH-(15-34)NH2, bound to the ROS 17/2.8

and OK cell receptors with weak, but detectable, affinity (Kd,

-10 mm). As with the intact peptide, the Asp30-*Lys substi-

tution had no effect on the binding of PTH-(15-34) to either

the ROS 17/2.8 or OK cell receptor. Each of the three

glutamate substitutions abolished the ability of the 15-34
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FIG. 2. Activities of hPTH-(l-34) ana-

logs. Analogs of (Tyr*
4

] hPTH - ( 1
-

34)NH2 (PTH-(1-34)J having Uu 2
\

LeuM, and Val 31
individually substituted

with glutamic acid were chemically syn-

thesized. In a fourth analog, Asp30 was
substituted with lysine. A and B show
the inhibition of receptor binding of I25

I-

labeJed [Nle
8,I8,TyrMJbPTH-(l-34)NH ?

in ROS 17/2.8 and OK cells, respec-

tively. C and D show the cAMP-stimu-
lating activities of the PTH-(l-34) ana-

logs in ROS 17/2.8 and OK cells, respec-

tively. Cells were treated as described in

Materials and Methods. PTH -(1-34);

O [Lys^JPTH-d^); , [Glua,]PTH-
(1-34); [Glu

M
]PTH-(l-34); A, [G\nu

]

PTH- (1-34). Values are the mean ± SEM
of data from three to five (A and B) or

two (C and D) experiments, each per-

formed in triplicate.

A ROS 17/2.8

1E-9 1E-* 1E-7 1E-6 1E-3 1E-4

[Llgand] M

0 1E-10 1E-9 1E^6 1E-7 1E-6 1C5 tE-«

D

IE -4

[Llgand] M

fragment to bind to the ROS 17/2.8 and OK cell receptors.

Although these results do not exclude the possibility that the
1-14 and 15-34 regions of PTH interact they suggest that
the negative effects of the carboxy-terminal Glu substitutions

on receptor binding are not based purely on the disruption
of such interactions.

To investigate possible effects on secondary structure, each
of the analogs was evaluated by circular dichroism (CD)
spectroscopy. Spectra were recorded of peptides dissolved in

both aqueous buffer and buffer containing 50% TFE, a
solvent that induces helical structure in certain peptides (29).

As shown in Fig. 4, the CD spectra of hPTH-(15-34) shows
a negative deflection in mean residue elipticity (6) at 220 nM
(m-jt* transition) as well as a partial shift in a second mini-
mum (it-tt transition) from 190 toward 210 nM. These fea-

tures are indicative of ar-helical structure and correspond to

a calculated helical content of 35%. This helical profile is

enhanced by the presence of TFE. In this solvent system, the
helical content of the peptides increases to 60%. The spectra
of the Glu2

*-substituted PTH-(15-34) peptide, obtained in

either aqueous solvent or 50% TFE, were comparable to

those of the unsubstiruted parent peptide (Fig. 4). Equivalent
results were obtained for each of the other analogs in the
15-34 series. Similar percent helical contents were obtained
for each of the analogs in the 1-34 series. These results

suggest that the amino acid substitutions that we have intro-

duced into the hormone's principal binding domain do not
induce dramatic alterations in secondary structure in either

the shortened or full-length peptide.

Discussion

The mutational analysis presented here extends earlier

deletion studies which showed that the 25-34 region of PTH
contains important receptor binding determinants. The
screening of 47 different hPTH-(l-84) mutants with changes
in this region led us to focus on three residues: Leu24

, Leu
28

,

and Val31
. The mutational intolerance of these residues,

paricularly Leu24 and Leu28
, strongly suggests that they are

critical for optimal PTH activity. The biochemical basis of
this functional significance is at this point a matter of spec-
ulation. Several observations, however, suggest that these
residues contribute important receptor binding interactions.

By comparing the effects of modifications on the binding
affinity of intact PTH-(l-34) to their effects on the binding
of the PTH-(15-34) fragment we were able to investigate

possible long range tertiary interactions between the modi-
fied site and the 1-14 region. Such interactions were consid-

ered plausible for several reasons. The NMR spectra of
PTHrP-(l-34) revealed several cross-peak nuclear Overhau-
ser effects involving the residue pairs of Val2 and He31

, Leu 8

and lie
28

, and Lys13 and Leu 24
(17). In the structural model
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FIG. 3. Receptor binding of 15-34 fragments. The same substitutions

shown in Fig. 2 were introduced into the [Tyr34JhPTH-(15-34)NH2

fragment [PTH- (15-34)]. Top and bottom panels show the inhibition

of receptor binding of ^-labeled [Nle^/Tyr^bPTH-U^NH, in

ROS 17/2.8 and OK cells, respectively. (Tyr"]hPTH-(15-34); O,,

[I^"]PTH-(16-34); , [Glu31]PTH-(15-34); [Glu"]PTH-{15-34);

A, [GluM]PTH-(15-34). Values are the mean ± SEM of data from one

representative experiment, performed in triplicate.

of PTHrP-(l-34) derived from these data, the carboxy- and

amino-terminal domains are folded tightly together (17).

Although cross-peak nuclear Overhauser effects were not

observed in the NMR spectra of PTH-(l-34) (16), interactions

between its amino- and carboxy-terxninal portions have been

proposed in conformational modeling studies (30-32). Our

data showing that the Glu substitutions at positions 24, 28,

and 31 diminish the binding affinity of both PTH-(l-34) and

PTH-(15-34) suggest that the primary roles of the normal

residues at these positions are not based purely on interac-

tions with the 1-14 region. Other as yet untested residues in

the 15-34 region, such as the conserved arginine at position

20, could be involved in maintaining conformational stabil-

ity. It remains possible that Leu24
, Leu

28
, and Val31 do partic-

ipate in long range tertiary interactions with the 1-14 region,

but these would appear to be in addition to their more local

effects.

The results of our circular dichroism analysis suggest that

a portion of the 15-34 region is a- helical. This finding is

consistent with the CD analysis of Neugebauer el ai (26),

which indicates that the PTH-(19-34) fragment contains

substantial helical structure, and with the NMR study of

Klaus et al (16), which suggests that residues 17-28 of PTH-

(1-34) form an a-helix. We found that in either water or

50% TFE, each of the Glu substitutions had little or no effect

on the CD spectra of the PTH-(l-34) or PTH-(15-34) pep-

tides. Although minor perturbations of structure may not be

detected by CD spectroscopy, these results suggest that the

Glu substitutions do not significantly alter secondary struc-

ture. This finding may in part be attributed to the high helix-

forming propensity of glutamic acid (33); however, we point

out that we have not defined the exact residues that deter-

mine the inferred 15-34 region a-helix. Whether this pre-

sumed helix is maintained in the receptor-bound state is also

unkown, but the significant reduction in biological activity

caused by proline substitutions at positions 24, 25, and 29 is

consistent with this notion. If this putative helix is important

for establishing or maintining receptor-binding affinity, then

the binding defect associated with the glutamate substitu-

tions could result from a steric or electrostatic incompatibility

between the carboxylate side-chains and the ligand-binding

surface of the receptor.

Neugebauer and co-workers (26) recently showed that

phospholipid induces helical structure in PTH-(19-34), a

response typical of amphipathic peptides. The increase in

mean residue elipticity that we observed when TFE was

added to the PTH fragments is also a characteristic response

of peptides with potential amphipathic character (29). The-

oretical helical wheel projection of the 21-34 region of PTH
indicates that Leu24

, Leu28
, and Val31 would align to the

hydrophobic face of this putative helix (26). Possible mech-

anisms by which the hydrophobic surface of such a helix

could enhance receptor-binding affinity may involve non-

specific interactions with the cell membrane or specific inter-

actions with a hydrophobic component of the receptor. Such

mechanisms have been proposed for other peptide ligands

possessing amphipathic potential (34). Our finding that other

hydrophobic mutations at positions 24 and 28 (e.g. Val24,

Met24
, and Met28) caused partial reductions in activity sug-

gests that hydrophobicity per se is not sufficient for optimal

receptor binding. Our data are, thus, consistent with the

hypothesis that the hydrophobic residues in the carboxy-

terminal region of PTH contribute important receptor-bind-

ing interactions.

Most mutations at the polar residues in the carboxy-

terminal region of hPTH-(l-84) (i.e. Lys26
, Lys27

, Gin29
,

Asp30
, and His32

) caused only marginal effects on activity,

and the charge-reversing change of Asp—»Lys at position 30

of hPTH-(l-34) had no effect on binding affinity. Results
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Fig. 4. Circular dichroism spectra of

PTH-(15-34) fragments. Spectra are of

[Tyr34]hPTH-(15-34)NHa (left panel)

and [Glu^Tyr^JhPTH-flS^NHj
(right panel). Peptides were dissolved in

either aqueous buffer (TES; - - -) or TES
buffer containing 50% TFE (— ).

200 220 2*0

X (nm)
130 200 220 240 260

X(nm)

from other studies also suggest that these residues are mu-
tationally tolerant. Reppe and co-workers (35) showed that
a recombinant hPTH-(l-84) variant with a Lys26-^Gln sub-
stitution was fully active in assays of adenylate cyclase,
hypercalcemia induction in parathyroidectomized rats, and
stimulation of bone resorption in mouse calvaria. Biorinyia-
tion of Lys26

or Lys27
of [Nle8*18

/Tyr34]bPTH-(l-34)NH2 had
no effect on binding affinity (36). The peptides with the
changes of His32 to Arg, [Arg^Tyr^bovine (b) PTH-(1-
34)NH2/ and Asp30

to Tyr, [Ile
28

/Tyr
30

/

34]bPTH-(l-34) were
also fully active in adenylate cyclase and receptor binding
assays (37). These data are consistent with the notion that
the polar face of the putative carboxy-terminal helix has a
more limited role in PTH receptor-binding than the opposite
apolar face. However, since we found that certain substitu-
tions at some of the polar sites, such as Lys26-*Glu or His32—

>

Asn, cause partial reductions in activity, a functional role for
the polar residues should not be excluded. Furthermore, the
activation of other signaling pathways, such as the intracel-

lular Ca/protein kinase-C pathway and the proliferative
response found in chick chondrocytes, requires the carboxy-
terminal region of PTH-(l-34) (38-40). The precise role of
both the polar and hydrophobic residues in stimulating these
responses remains to be determined.
Whether the binding of PTH-(1-34) and PTHrP(l-34) to

the same receptor occurs through similar arrays of receptor-
Iigand interactions is an intriguing question. Although the
amino acid sequences of the carboxy-tenriinal regions of the
two peptides are quite different, hydrophobicity is preserved
at positions 24, 28, and 31. It will be interesting to see
whether this region of PTHrP displays the same pattern of
mutational tolerance as that observed here for PTH.
The functional analysis of novel PTH analogs, generated

through peptide chemistry or site-directed mutagenesis, can
provide important clues to the critical residues involved in
hormone action. Such functional studies should provide a

valuable complement to biophysical experiments involving
NMR and x-ray crystallography. Taken together, the infor-

mation gained from these approaches should lead to new
insights into how PTH and PTHrP interact with a common
receptor.
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abstract: A 31 amino acid fragment of the extracellular N-terminus of the human G-protein coupled
receptor for parathyroid hormone (PTH1R) has been structurally characterized by NMR and molecular
dynamics simulations. The fragment PTH1 R[l 68-198] includes residues 173-189, shown by photoaffinity

cross-linking to be a contact domain with position 13 of parathyroid hormone (PTH). The structure of
PTHlRfl68-198], determined in a micellar solution of dodecylphosphocholine to mimic the membrane
environment, consists of three a-helices, separated by a well-defined turn and a flexible region. The
topological orientation of PTH1R[168-198] was determined from nitroxide-radical induced relaxation

ofNMR signals utilizing 5- and 1 6-doxylstearic acid. The C- terminal helix (residues 190-196), consisting

of seven amino acids of the first transmembrane domain, is very hydrophobic and embedded in the lipid

core. This helix is preceded by a well-defined turn, forming an approximate 90° bend, placing the other

helices (residues 169-176 and 180-189), both of which arc amphipathic, on the surface of the micelle.

In this orientation, many hydrophilic residues of the receptor, including Glu 177
, Arg 179

,
Arg i8i

, Glu J82
,

Asp 185
, and Arg 186

, are projecting toward the solvent available to form complementary Coulombic
interactions with the polar residues of the principal binding domain of the ligand (e.g., Arg25

,
Lys26

,

Lys27
,
Asp30

, and His32). Given that the binding domain of PTH adopts an amphipathic a-helix which
lies on the membrane, we visualize ligand binding as a two stage process involving a nonspecific

hydrophobic interaction of amphipathic helices with the membrane, followed by two-dimensional diffusion

leading to highly specific, ligand-receptor interaction.

Parathyroid hormone (PTH) 1

is the principal regulator of

calcium and phosphate ion homeostasis. PTH is active

through a G-protein coupled receptor (PTH1R) (7, 2)

affecting two intracellular signaling pathways: adenylyl

cyclase/cAMP/protein kinase A and inositol triphosphate/

cytosolic calcium/protein kinase C. PTH1R belongs to a

subfamily of G-protein coupled receptors, presumed to

exhibit the characteristic seven membrane-spanning helices

f This work was supported, in pan, by Grants R29-GM54082 (to

DJ\M.) and R01-DK47940 (to M.R.) from the National Institutes of
Health.

* The structure coordinates have been deposited in the Brookhaven
Protein Data Bank (filename 1BL1).

* To whom correspondence should be addressed. Phone: (401 ) 863-
2139. Fax: (401) 863-1595. E-mail: Dale_Mierke@Brown.edu.

5 Brown University.
" Harvard Medical School.
1 Abbreviations: doxyl, 4,4-dimethyl-3-oxazolidinyloxy; DG, dis-

tance geometry; G-Protein, guanine nucleotide-binding regulatory

protein; MD, molecular dynamics; NMR, nuclear magnetic resonance;
NOE, nuclear Overhauser enhancements; PTH, human parathyroid

hormone; PTHrP, parathyroid hormone-related protein; PTH1R, para-

thyroid hormone receptor I ; ROESY. rotalional-Overhauser enhance-
ment spectroscopy; DPC, dodecylphosphocholine; TM, transmembrane;
TOCSY, total-correlation spectroscopy; DQF-COSY, double quantum
filtered correlation spectroscopy, NOESY, nuclear Overhauser enhance-
ment spectroscopy.

as in rhodopsin, sharing a long amino-terminal extracellular

region, multiple glycosylation sites, and eight conserved

extracellular cysteine residues {3). Recent mutational and

chimera studies of PTH1R indicate that the extracellular,

ami no-terminus constitutes one of the sites for ligand/receptor

interaction (4—6), Studies of the ligand have shown that

the N-terminal 1-34 fragment of the hormone, PTH[l-34]»
is equipotent to native PTH and that residues 25—34
constitute the principal binding domain (7, 8).

Recent photoaffinity cross-linking experiments have di-

rectly identified a contact between position 13 of PTH and

a domain comprising residues 173—189 of the N-terminus

of PTH1R, adjacent to the putative first transmembrane helix

(TM1) (9). To obtain structural insight into the interaction

between the receptor and ligand, we have undertaken the

investigation of the conformational propensities of both. The

NMR-derived structures of human PTH(1— 34) in a mem-
brane mimetic show a well-defined amphipathic a-helix for

the C-terminal binding domain (10). Molecular modeling

of human PTH1R, based on the rhodopsin/bacteriorhodopsin

structure (11, 12) and homology analysis (75), suggested that

the contact domain, PTHlRfl73-189], adopts an amphi-

pathic a-helix (unpublished data). On the basis of this, one

may postulate complementary helix -helix interactions as one
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of the elements in ligand-receptor recognition and binding.

To test this hypothesis, we have examined the conformational

characteristics of PTH1RU68-198] in the presence of

dodecylphosphocholine micelles by NMR and distance

geometry (DG) calculations. We subsequently incorporated

free radical bearing fatty acids in the micelles to explore

(by NMR) the orientation of the peptide relative to the

membrane mimetic. Extensive molecular dynamics (MD)

calculations, utilizing a decane/water simulation cell (14),

have been carried out to obtain the final, refined structures

and to describe the partition behavior of the molecule

between the two solvents. From the inspection of the high-

resolution structure of PTH1R[168- 198], the specific amino

acids of the receptor in this contact domain available for

interaction with the ligand have been identified.

EXPERIMENTAL PROCEDURES

Peptide Synthesis. The peptide, Ac—SEAVKFLTNETR-
EREVroRLGMIYTVGYSVC-N^, PTH1R[168-198], was

synthesized by solid-phase methodology with an Applied

Biosystems 430A peptide synthesizer as described (15). The

purity was established by analytical high-performance liquid

chromatography and the structural integrity by amino acid

analysis and electron-spray mass spectrometry.

NMR Methods. PTH1R[168-198] was examined in

aqueous solution (ca. 2.4 mM, 9:1 H20/
2H20, pH 4.5 not

corrected), in the presence of 150 mM dodecylphosphocho-

line-</3g (DPC). All of the experiments were recorded on a

Varian Unity 500 spectrometer at temperatures varying

between 298 and 318 K. Data processing utilized Varian

software (VNMR) or Felix (Biosym/MSI, San Diego).

Chemical shifts were referenced to the signal of tetrameth-

ylsilane (0.0 ppm).

The amino acid spin systems were identified from DQF-
COSY (16) and TOCSY (77, 18) spectra. NOESY (79, 20)

experiments with mixing times of 125-350 ms were

employed for the sequential assignment. The TOCSY
utilized a MLEV-17 sequence to realize mixing times of 35-

70 ms with a spin-lock field of 10 000 Hz. Suppression of

the solvent signal was achieved by continuous wave pre-

saturation at low power during the relaxation delay (1.5—2

s). The NOESY experiments utilized additional presaturation

during the mixing time, or alternatively, coupled a "jump

and return" observation pulse (27) with 0.4 s of presaturation.

The typical spectral width was 5000 Hz in both dimensions,

with 4096 data points in f2 and 320-512 data points in t x

and with 32-128 scans at each increment. Forward linear

prediction to 1024 points was applied to the incremented

dimension; both dimensions were multiplied by Gaussian or

shifted squared sine bell apodization functions, prior to

Fourier transformation.

Radical-Induced Relaxation. The 5- and 1 6-doxylstearic

acid were solubilized in methanol-^ to a final concentration

of 53 mM. Aliquots of this solution were added to the

solution of peptide and DPC to obtain 0.25-0.94 mM
concentrations of the spin-label. The titrations with 5- and

1 6-doxylstearic acid were carried out separately on two

equivalent peptide solutions. TOCSY experiments (mixing

time 35 ms) were recorded under identical conditions before

and after the addition of the doxylstearic acid. The intensities

Pellegrini et al.

of cross-peaks involving both backbone (HN—

H

a
) and side

chain protons (Ha— H^, H>'-H<5

) were compared.

Distance Geometry- NOESY spectra acquired at 298, 308,

and 318 K with a mixing time of 150 ms (with 10%

randomization) were utilized to measure cross-peaks vol-

umes. The volumes were converted to distances using the

two-spin approximation. The resolved cross-peak between

two protons within the a-helical domain of the peptide was

utilized as a reference (Phe 184 HN-Asp IM HN
, 2.8 A) (22,

23). Addition and subtraction of 10% to the calculated

distances yielded upper and lower bounds. Pseudoatom

corrections were applied to methyl groups and methylene

protons with coincident chemical shifts (22); the floating

chirality approach (24) was utilized for nonstereospecifically

assigned, resolved methylene protons. A home-written

program was utilized to calculate an ensemble of structures

fulfilling holonomic (constitutional) and experimental (proton-

proton distances) restraints. The two-step procedure utilizes

the random metrization algorithm (25) followed by optimiza-

tion via conjugate gradients (26), and by distance driven

dynamics (DDD) (27, 28). The procedure is repeated first

in four dimensions, for optimal sampling of the conforma-

tional space, and then in three dimensions. The final DDD
on the 98 calculated structures was carried out at 500 K for

200 ps, followed by slow cooling to 0 K.

Molecular Dynamics. MD simulations were performed

with GROMACS, version 1.6 (29). Interactive modeling

utilized Insight II (Biosym/MSI, San Diego). To produce a

solvent system consistent with the experimental conditions

(water and DPC micelles) and acceptable computation times

on standard workstations, a two-phase box of water and

decane was implemented. A detailed description of the

decane/water interface, has appeared (14). All atoms were

treated explicitly except for the CH„ atoms of the decane

molecules which were treated as united atoms. For the

dihedral angles CH2CH2CH2CH2 and CH2CH2CH2CH3 of

decane, the Ryckaert-Bellemans potential was used (14, 30).

The single-point-charge (SPC) model was adopted for water

(31, 32). Initially a layer of decane was created, containing

100 molecules in the all-trans configuration and with parallel

head-to-tail axes. This box underwent energy mimmization

for 200 steps (steepest descent) and 100 ps of molecular

dynamics at 300 K, with a time constant of 2 fs. A twin-

range cutoff for nonbonded forces of 0.8/1 .0 nm was used;

the pair list and forces for the range 0.8-1.0 nm were

updated every 10 steps. A second layer of water was added

utilizing a cubic box of 216 equilibrated SPC water

molecules. The water molecules were allowed to keep a

minimurn distance of 0.23 nm from the atoms of the decane

molecules. The two-phase cell, of dimensions 4.7 x 4.7 x

4.7 nm, underwent energy minimization and MD utilizing

the conditions described above. The final cell was utilized

to soak PTH1R[168- 198].

One of the low-violation DG structures was used as the

starting structure for the MD simulation. The molecule was

placed in the (periodic) two-phase box of H20/decane,

containing 992 water and 123 decane molecules in a volume

of 101.6 nm3
. The charges of ionizable groups correspond

to the pH of the NMR solution; no counterions were

included. The system was energy minimized for 100 steps

(steepest descent). In the following 10 ps of MD at 300 K

(55), the peptide was restrained to its original position with
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Figure I : The secondary shifts of the a-protons of PTH1R[168-
198J in aqueous solution (2.4 mM, pH 4,5) in the presence of DPC
(150 mM) micelles.

a force constant of 1000 kJ mol-1 nm~\ Experimental

distance restraints were then introduced with a force constant

of 10 000 kJ mol"' nm" 1

for the 400 ps of the simulation.

Structures were sampled every 0.5 ps. One iteration took

approximately 0.52 s on a SGI 02 (R5000, 200 MHz). The
resulting trajectories were examined with analysis programs

in the GROMACS package and home-written Fortran

programs.

RESULTS

PTH1R[168-198] contains the 17 amino acid contact

domain (residues 173—189) previously identified to cross-

link to position 13 of PTH [1 -34] (9). This contact domain
was extended by nine amino acids at the C-terminus to

include the hydrophobic residues postulated to be the

beginning of TM1. These residues were included to anchor

and orient the receptor fragment into the micelle. The
dodecylphosphocholine micelles, utilized to mimic the

membrane environment in the NMR studies, were also

required for solubilization. In benign aqueous solution, the

peptide formed a semisolid gel in approximately 20 min,

which could not be resolubilized by variation ofpH or ionic

strength. Furthermore the DPC micelles provide a charged,

zwitterionic interface and a hydrophobic core, properties of

the biological membrane in which the receptor is located.

Additionally, the micelle undergoes rapid reorientation in

solution allowing for high-resolution NMR studies. The
concentration of the DPC was adjusted to ensure more than

one micelle per each peptide molecule (34, 35).

Secondary Structure, The secondary shifts for Ha were
calculated by subtracting the chemical shifts for unstructured

peptides (22) from the experimentally measured chemical

shifts and averaging the values over succeeding triplets of

amino acids (35). The negative values observed for Ala 170-

Leu 174
, Thr178-Asp 185

, and Met I89-Tyr 195 (Figure 1) are

consistent with ct-hclical structure (36). At two positions

along the sequence (in addition to the peptide termini), the

Ha chemical shifts adopt random-coil values, indicating

interruptions in the helical structure around residues Thr 173

and Leu 187
. The relevant nonsequential NOEs are reported

in Figure 2. A series of correlations of type HN
, to HN'

(-+i or

Hn
h-2 and H°, to HNi+3 or HN

(+4 confirms the presence of the

three a-helical regions. In addition, strong NOEs of type

Ha
, to HN

(+2 between Thr l75-Glu t7? and Arg ,86-Gly 188

suggest the presence of turns.

A total of 83 structures were obtained from the DG
calculations, with small penalty functions and no NOE
violation. The structures converge to fairly regular a-helical

segments encompassing residues 169-176, 181-189, and
192-195. The dihedral angle order parameters for <p and

(data not shown) indicate a high degree of order in the

regions 169- 176 and 180-195. The high disorder at Thr 1 78

prevents the assessment of a preferred orientation of the

N-terminal helix relative to the rest of the molecule. This

disorder may be caused by the lack of experimental restraints,

resulting from spectral overlap, rather than conformational

disorder or flexibility. From Arg 1™ to the C-terminus the

DG structures can be described as two consecutive helices

forming an angle of ca. 90° between their axes. Interestingly,

both the extracellular helix and the turn separating it from
TM1 were correctly predicted by homology modeling of

PTH1R (unpublished data). The average pairwise root-

mean-square deviation (RMSD) of the backbone atoms of

the entire peptide over the 83 structures is 5.5 A. The
ordered regions are characterized by an RMSD of 0.78 A
for residues 169-176, 1.46 A for the second helix (residues

180-189), and 1.06 A for the residues of the putative TM1
(190-196). Thirty structures from the DG calculations are

represented in Figure 3. The structures have been super-

imposed in the C-terminal region to illustrate the well-defined

second and third helical domains as well as the turn between
these domains. As discussed above, the N-terminal helix

assumes a range of different orientations relative to the rest

of the molecule.

Topological Orientation. The topological orientation of

the peptide relative to the DPC micelle was determined by
titration with 5- and 16-doxylstearic acid, carrying a nitroxide

radical at positions 5 and 16, respectively. The doxylstearic

acid readily incorporates into DPC micelles, placing the

nitroxide radical at the same level as the phosphate head-

groups (5-doxyl) or slightly off-center from the core of the

micelle (16-doxyl) (38). Upon addition of the doxylstearic

acid to the peptide solution, NMR signals in close proximity

to the radical are significantly broadened (a small background

broadening of all resonances is usually observed) (38—40).

In the presence of 5-doxylstearic acid, most of the residues

show a reduced intensity, indicating that a majority of the

amino acids are proximal to the charged membrane surface

(Figure 4A). In particular, the N-terminal helix displays a

periodicity that agrees with an a-helix lying on the surface

(i.e., the residues projecting into the solution are distal from

the nitroxide radical). The effect on the other two helices

is less specific, consistent with an orientation in which the

residues are partially embedded in the micelle. The titration

with 16-do\ylstearic acid, which places the nitroxide near

the cente: of the micelle, is expected to significantly affect

only those residues in the hydrophobic core. Indeed, a

reduction of intensity greater than 25% was observed for

residues from Thr 192 to the C-terminus. Residues 183—191
were moderately affected, while the N-terminal residues

displayed almost no variation (see Figure 4B).

Conformation and Partition Behavior from MD. The
starting structure, generated from the DG calculations, was
placed in the biphasic waler/decanc cell with an orientation
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Figure 2: Relevant NOEs detected from NOESY spectra at 298, 308, and 318 K and utilized in the structure calculations. A shaded bar

indicates a cross-peak not unambiguously identified due to resonance overlap.

N-terminus

C-terminus

Figure 3: Backbone representation of 30 structures, with the

backbone atoms of residues 180-198 superimposed, obtained from

DG calculations.

based on the results of the NMR experiments in the presence

of nitroxide radicals. The C-terminal helix (corresponding

to the extracellular end of TM1), which was determined to

be in the hydrophobic core of the micelle, was embedded in

the decane phase with the helix axis perpendicular to the

interface. This placed the other two helices at the interface,

largely exposed to the water phase, in agreement with the

results of the nitroxide-radical experiments. This orientation

was maintained for the entire simulation (400 ps). The

secondary structure and the tertiary arrangement of the three

helices did not show significant changes, and no violation

of the experimental distance restraints was observed (Figure

5). A second simulation was carried out to explore the most

favorable partitioning of the peptide between the two media.
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170 175 180 185 190

Residue Number

195

Figure 4: Histograms representing the reduction in cross-peak

intensity for single residues (measured from TOCSY spectra) upon

addition of 5-doxylstcaric acid (top) or 16-doxylstearic acid

(bottom). Empty bars indicate residues for which data could not

be obtained.

For this simulation, the peptide was placed entirely in the

decane phase with the N-terminal helix directed away from

the interface. During the first 70 ps of the simulation, the

peptide translated and reoriented relative to the plane of the

interface so that the N-terminal and middle helices reached

the water phase, finally adopting the same orientation as

obtained from the first simulation. No rearrangement of the

secondary or tertiary structure was observed during this major

redistribution of the molecule between the two solvents. The

average backbone dihedral angles resulting from the MD
simulation are reported in Table 1

.
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Figure 5: A structure of PTH 1R[168— 198] from the MD calcula-

tion in a water/decane simulation cell. The peptide ribbon is colored

according to hydrophobicity (blue = polar, red = hydrophobic);

the decane molecules are depicted in yellow and the water molecules

are not displayed for clarity. The residues belonging to TM1 arc to

the right of the cell, embedded in the decane phase.

Table 1 : Average Dihedral Angles and Standard Deviation from the

Last 50 ps of Decane/Watcr MD Simulation

residue 0 V>

Glu' 6* -46.7 ± 6 -37.2 ± 5

Ala 170 -65.7 i 8 -45.6 ± 7

Val 17 ' -62.3 ± 5 -35.1 ±6
Lys' 72 -60.2 ± 6 -37.6 ± 1

1

Phe'71 -78.5 db 1

1

-38.5 ± 6

Leu 174 -56.5 ± 9 -49.2 ± 6

Thr 175 -67.7 ± 9 -23.1 ± 11

Asn' 76 -60.3 ±11 -41.4 ±9
Glu 177 -147.6 ± 11 82.5 ± 8

Thr178 -76.0 ± 9 59.5 ± 19

Arg 179 -99.4 ± 19 -14.0 ± 10

Glu 180 -62.3 ± 1

1

-63.9 ± 1

1

Arg 11" -62.1 ±8 -33.1 ±9
Glu 182 —61.9 db 1

1

-39.9 ± 12

Val 183 -90.8 ± 1

1

-20.1 ±7
Phe 164 -92.4 ± 8 12.9 ± 10

Asp 185 -103.3 ±9 -26.3 ± 9
Arg 1" -77.7 ± 7 30.7 ± 9

Leu187 -43.1 ±8 -30.5 ± 5

G\ym -65.0 ± 8 -11.9 ±9
Met"" -1JJ.0±7 -8.8 ± 9

lie
190 -90.8 ± 1 -69.1 ±6

Tyr'* 1 -55.0 ± 6 -35.2 db 6
Thr192 -50.7 ± 10 -59.3 ± 5

Val' 93 -59.6 ± 6 -43.2 ± 6

Gly,w -52.6 ± 7 -40.5 ± 13

Tyr 196 -70.9 ± 12 -57.3 ± 9
Ser ,y7 -77.1 ± 12 15. i ±28
Val'98 -82.9 ± 22 -27.8 ± 26

DISCUSSION

The investigation of PTH 1R[ 168— 198] was undertaken

to structurally characterize a region of the human PTH1
receptor previously implicated in ligand binding (°). This

represents an experimental approach to obtaining structural

insight into membrane-embedded receptors, which as a

Bioc stry, Vol. 37, No. 37, 1998 12741

whole, cannot generally be examined by conventional

methods (X-ray crystallography, NMR spectroscopy). The
choice of experimental conditions is crucial; the receptor

fragment examined here, containing approximately seven

residues of TM 1 , quickly forms a semisolid gel in water.

The aqueous solution of DPC micelles provides an NMR-
compatible solvent system that mimics the interface between

the membrane and extracellular milieu. Indeed, all experi-

mental results (including line broadening in the NMR spectra,

TOCSY experiments with correlation behavior typical of very

large molecules, and titrations with free radicals) indicate

that the peptide is tightly associated with the micelle and

adopts a topological orientation fully consistent with that

expected for this fragment in native PTH1R.
The seven amino acids corresponding to TM3 adopt an

a-helix which embeds into the hydrophobic core of the

micelle. The remainder of the receptor fragment, amphi-

pathic in nature, lies at the interface on the micelle surface

with the hydrophobic face directed toward the micelle. In

particular, the NMR resonances of residues Ala 170
, Val 171

,

Phe 173
, and Leu 174

, on the hydrophobic face of the N-terminal

helix, are significantly broadened by the addition of 5-doxyl-

stearic acid and therefore lie at the micelle surface. In

contrast, Glu 169
, Lys

172
, and Asn 176

, making up the hydro-

philic face of the N-terminal helix, are unaffected and likely

exposed to the solvent.

The HjO/decane box used for the MD simulations

reproduces the biphase character of the aqueous micellular

solution. The decane molecules mimic the hydrophobic

phase created by the alkylie chains of the DPC molecules.

In this simulation system, the correct description of the

charged interface, created by the phosphate and choline

groups of the DPC, is sacrificed for simplicity and compu-

tational speed, which in tum allows for extended simulations

starting from different orientations. The goal of the simula-

tions is further refinement of the receptor and verification

of the energetic stability of the DG-generated structures in

an environment similar to that used for the NMR experi-

ments. Additionally, the simulations provided further evi-

dence for the preferred partitioning of the molecule between

the hydrophobic and hydrophilic phases. Despite the fact

that no constraint on the location of the peptide within the

two-phase box*was applied, the TM1 helix was always found

embedded in the decane phase, approximately perpendicular

to the interface. The remaining peptide chain prefers to

occupy a position at the interface, allowing for optimal

interactions of the two amphipathic helices with the solvents.

This topological arrangement is in complete accord with the

experimental results and fully consistent with that expected

for this region in the intact receptor.

While the placement and relative arrangement of the seven

TM helices in G-protein coupled receptors is relatively well

understood from the studies of rhodopsin and bacterio-

rhodopsin (J J) and other membrane embedded proteins

(chiefly the bacterial reaction center), little is known about

the structure of the intra- and extracellular termini and loops.

The determination of the structural elements of the loops

and termini would afford important insight into the biomo-

lecular interactions of the receptor with the G-protein

(intracellular domain) (40—42) and with the hormone-ligand

(extracellular domain) {43, 44). These studies would reveal

the determinants which confer the specificity of ligand-
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Figure 6: Helical wheel diagrams depicting the amphipathic

a-helical regions of PTH1R[168-198] (top) and PTH (bottom)

which have been shown to associate with the micelle surface. The

hydrophilic residues are filled, the hydrophobic residues are open.

recognition and signal transduction. In this study, the

conformational features and topological orientation of an

extracellular fragment of the PTH1R, associated with ligand

binding, are reported.

The NMR-derived structure of PTH(l-34), a fully potent

fragment of PTH, in the presence of DPC micelles was

recently described (10). The results indicate that the

C-terminus, including the binding domain [residues 25-34

(8)], adopts an amphipathic a-helix, which lies on the surface

of the lipid. The current finding that the contact domain of

PTH1R, residues Phe 173-Met189
, also folds into an amphi-

pathic a-helix and lies on the lipid surface suggests a possible

interaction between ligand and receptor. We propose that

the initial binding event involves the amphipathic a-helices

of the ligand (consisting of residues 19-33 of PTH) (10,

45) and receptor (residues 181-189 and possibly, the

N-tenninal helix, residues 169-176), all of which have been

experimentally verified to readily associate with the mem-

brane surface. Helical wheel diagrams of these regions of

PTH and receptor fragment are depicted in Figure 6. A
theory that the recognition of peptide hormones by membrane

bound receptors is preceded by nonspecific preadsorption

on the target cell membrane has been described (46, 47).

The theory proposes that the hydrophobic adsorption is

followed by a random, two-dimensional diffusion leading

to lateral collisions of the folded structure (membrane-

induced structure) of the peptide hormone with the receptor.

If this is the case, the amino acids exposed to the solution,

available for helix -helix interaction, would be crucial for

binding. The hydrophilic face of the receptor helix includes

Glu 177
, Arg 179

,
Arg ,8i

, Glu 182
, Asp 185

, and Arg ,8A
. The

charges of these amino acids readily avail themselves to

Columbic interactions with the complementarily charged

residues of the amphipathic helix of the ligand, including

Arg25
, Lys

26
, Lys

27
, and Asp30

. These helix-helix interac-

tions provide the affinity and specificity associated with

ligand binding. To test this model, the importance of each

of these residues, individually and pairwise, for ligand

Pellegrini et al.

binding must be examined. It is important to note that the

receptor fragment examined here probably constitutes only

one domain of the ligand binding pocket and the role of the

remainder of the N-terminus, as well as the extracellular

loops, in the formation of the ligand- receptor complex will

have to be determined.
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abstract: Parathyroid hormone (PTH) has a helix-bend—helix structure in solution. Part of the C-terminal

helix, residues 21-31, is amphiphilic and forms a critical receptor-binding region. Stabilization of this

a-helix by lactam formation between residues spaced i\ / + 4 on the polar face was previously reported

to increase adenylyl cyclase-stimulating (AC) activity if between residues 22 and 26 but to diminish it if

between residues 26 and 30 [Barbier et al. (1997) /. Med. Chertu 40, 1373-1380]. This work reports the

effects of other cyclizations on the polar face, differing in ring size or position, on a-helix conformation,

as measured by circular dichroism, and on AC-stimulating activity. All analogues cyclized between residues

22 and 26 had at least a 1.5-fold increase in activity, suggesting an a-helical structure between about

residues 21 and 26. Cyclization between residues 25 and 29 or residues 26 and 30 diminished activity by

20-30%, despite stabilizing a-helix, suggesting that residues 25-31 bind to the receptor in a helical, but

not classical a-helical, conformation. Analogues cyclized between residues 13 and 17 had slightly increased

activity. A bicyclic analogue, with lactams between residues 13 and 17 and residues 22 and 26, had about

the same activity as that cyclized only between 22 and 26. Parathyroid hormone-related peptide (PTHrP)

may bind in a manner similar to the common receptor, but hydrophobic moment calculations suggest that

it must bind as a tighter helix in order to optimally present its hydrophobic residues to the receptor. Both

PTHrP analogues cyclized between either residues 22 and 26 or residues 26 and 30 had more stable

a-helices but reduced AC activities, consistent with this hypothesis.

Parathyroid hormone (PTH) 1
is an endocrine hormone,

functioning principally to regulate the extracellular calcium

concentration in animals. It can also mimic the various

functions of the locally acting parathyroid hormone-related

peptide (PTHrP) via their shared PTHR1 (type I PTH/FTHrP)

receptor (7). This regulation is effected through actions on

kidney, intestine, and bone cell receptors. If injected in a

pulsatile fashion, PTH has a powerful anabolic effect on

bone, an effect that depends on its ability to stimulate

adenylyl cyclase in osteoblast receptors (2). The N-terminal

28 residues of PTH are required for full AC stimulation (5,

4) t with loss of residue 28 resulting in a dramatic loss of

activity (J, 4), Full activity of the shorter analogues also

requires a C-terminal amide (4). The shortest fully osteogenic

linear PTH has been identified as hPTH(l-30)NH2 (5), with

shorter linear fragments 1 -28 and 1—29 being only weakly

osteogenic. PTHrP has also been reported to have osteo-

genic activity (6), but its 1-31 fragment, unlike that of PTH,

was not active in the ovariectomized rat model of osteoporo-

sis (7).

1 Abbreviations: CD. circular dichroism; DMF. dimethylformamidc;

DCM, dichloromethane; GRF, growth hormone-releasing factor, HOBt.

hydroxybenzotriazole; PTH, parathyroid hormone; PTHrP, parathyroid

hormone-related peptide; ROS, rat osteosarcoma; TUTU, 0-benzot-

riazolyl-yV^VXJV-tctramcthyluronium tctrafluoroborate; PyAOP, (7-

azabenzotria2ol- I-yloxy)tris(pyrrolidino)phosphonium hexafluorophos-

phatc; TFA, trifluoroacetic acid; MALD1-TOF, matrix-assisted laser

desorption ionization time-of-flight

The PTHR1 receptor was identified in opossum kidney

in 1991 (7), and a closely related one was later isolated from

rat osteoblasts (5). The major receptor-binding region ofPTH
was shown to reside in residues 14—34 (9), and within this

sequence is an a-helical region, residues 17—29, identified

in both NMR (70-72) and CD studies {4, 13). Part of this

a-helix, residues 20-34, is amphiphilic, and its hydrophobic

face has been postulated to bind to the receptor. In support

of this, it has been found that hydrophobic residues in this

sequence are especially sensitive to mutation (14, 75), while

those on the polar residues can be mutated much more freely

without loss of activity. A second short a-helix, between

about residues 3 and 9, has been identified in NMR studies

of hPTH(l-34) (10) and hPTH(l-37) (72).

Certain side-chain interactions may be important for

stabilizing a-helices, including ion pair formation between

residues spaced /, i + 4 apart (76). Natural such ion pairs

exist between residues 22 and 26 and residues 26 and 30 in

hPTH and between residues 13 and 17 and residues 26 and

30 in hPTHrP (Figure 1). Analogues resulting from the

formation of lactams between these residues in hPTH were

shown to stabilize an a-helical conformation in the region

about the lactam (77, 75) One of these lactam analogues,

[Uu^]c(Glu^-Lys26)hPTH(l-31)NH2 , has both increased

AC-stimulating (77) and osteogenic activities (79). Further-

more, these same modifications greatly enhance the AC-

stimulating activity of hPTH(l-28)NH2 and make it almost
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A
5 10 IS 20 25 30

i I I I I I

1 SV3EIQLMHNLGKHLNSMEKVEWLRKKLQDV-NH2

2 SVSEIQLMHNLGKHI^SMERVEWLRKLLQDV-NH2

I 1

3 SVSEIQLMHNLGKHLNSMERVgWLR£LLQDV-NH2

4 SVSEIQLMHNLGKHLNSMERVEWLKKLLEDV-NH2

I 1

5 SVSEIQLMHNLGKHLNSMERVCWLRCLLEDV-NH2

I 1

6 SVSEIQLMHNLGKHLN£MERVEWLRKLLEDV-NH2

7 SVSEIQLMHNLGKHLNiMERVEWLRKiLEDV-NHa

I 1 I 1

8 SVSEIQLMHNLGKHLNDMERVEWLRKLLEDV-NH^

B
3 10 13 20 25 30

I I I I I I

1 AVSEHQLLHDKGKSIQDLRRRFFLHHLIAEI-NH2

2 AVSEHQLLHDKGKSIQDLRRREFLHKLIAEI-NH2

I 1

3 AVSEHQLLHDKGKSIQDLRRRFFLHKLIAEI-NHa

Figure 1: Sequences of cyclic analogues described in this paper.

Mutated residues are underlined. (A) hPTH analogues: 1,'hPTH-

(1-31)NH2 ; 2, [Lcu"]c(GIua-Lys26)hPTH(l-31)NH2; 3, [Lys22
,-

Glu^icu^cCLys^-Olu^hPTHCl-SONHj; 4, [Lys^.Glu29,-

Leu27]c(Lys25-GluN)hPTH(l-31)NH2 ; 5, [Cys^Cys^Leu27]^
(Cys^-Cys^hPTHCl-SDNHj; 6, [Glu ,7,Leu27]c(Lys 13-GIu 17

)-

hPTH(l~31)NH2; 7, [Glu'^Uu^cCLys^-Glu^Glu^-Lys26
)-

hPTH(l-31)NH2; 8, [Asp'^Leu^MLys^-Asp^Glu^-Lys26
)-

hPTH(l-31)NH2 . (B) hPTHrP analogues: 1, hPTHrP(l-31)NH2 ;

2, [Glu^J-ys^cCGlu^-Lys^hPTHrPd-SONHj; 3. [Lys^c-
(Lys^-Glu^hPTHrPd -31)NH2 .

fully osteogenic in the ovariectomized rat model (20). We
posed the question as to whether all lactams formed between

residues on the polar face retain at least major activity, con-

sistent with a postulated mode of receptor binding wherein

the region between residues 20 and 3 1 binds as an a-helix.

Aside from those involving natural sequences, such lactams

require sequence mutations that must also be analyzed to

separate effects arising from those of the linear mutations

alone and effects due to conformational restraint imposed

by the lactam. The evidence presented here suggests only

part of the 21-31 region of hPTH(l-31)NH2 binds as a

classical a-helix, the rest likely binding as some type of

distorted helix.

MATERIALS AND METHODS

Chemicals. ^^-Fmcc-(^-/7-memoxytrityl-L-cysteine [Fmoc-

Cys(Mmt)] was obtained from NoYaBiochem, and other

Fmoc-amino acids were from NovaBiochem or Peptides

International.

Analogues of hPTH(l-31)NH2 or hPTHrP(l-31)NH2

(Figure 1) were synthesized on a MilliGen 9050 continuous-
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flow peptide synthesizer, with TentaGel S RAM (Rapp

Polymere, Tubingen, Germany) as the support and Fmoc
chemistry (2/), as previously described {17). Lactams

involving residue pairs in the sequence region 22-31 were

formed after residue 18 had been added. The lactam between

residues 13 and 17 was synthesized after completion of the

entire sequence. They were formed as described previously

but with PyAOP/HOBt as the activator. Peptides were

cleaved from the support with either TFA/phenol/water/

thioanisole/ethanedithiol (18.2/1.125/1.125/1.125/0.56 v/v/

v/v/v) or TFA/phenol/water/triisopropylsilane (88/5/5/2 v/v/

v/v) and were purified to >95% purity by gradient HPLC
(0.1% TFA/water with an acetonitrile gradient of 1%/min

on a 1 x 25 cm Vydac CI 8 column). Masses were confirmed

with a PE Sciex electrospray mass spectrometer or a MALDI-
TOF mass spectrometer. Correct lactam formation was

confirmed by amino acid sequencing. Cys residues were

coupled by a modified procedure to avoid racemization. A/-a-

Fmoc-(5)-/>-methoxytrityl-l-cysteine [Fmoc-Cys (Mmt)] was

coupled with TBTU/HOBt (0.52 M) and 2.46 M collidine

in DMF/DCM (1:1), as described by Han et al. (22).

Disulfides were formed by iodine oxidation (23). The purified

reduced peptide in 0.5 mL of HOAc/water (4: 1 ) was treated

with I2 (10 equiv) for 15 h at room temperature. No Met or

Trp oxidation was observed under these experimental condi-

tions.

Bioassays. AC-stimulating activities of rat osteosarcoma

(ROS 17/2) cells were determined as described previously

(24). AC activities were expressed as percent of the

maximum stimulation by hPTH(l—34)-NH2 or fLeu^Jc-

(Glu22-Lys26)hPTH(l-31)NH2 observed in a concurrent

experiment Data were averaged from a minimum of three

independent experiments, and the data were fitted with a

three-constant sigmoidal function (SigmaPlot, SPSS soft-

ware). The ED50 value, the concentration of analogue that

corresponds to the point of half-maximal stimulation, was

then evaluated and the error was estimated from the

corresponding fit to the error extremities for each data point.

Circular Dichroism Spectroscopy. Spectra were obtained

on a Jasco J-600 spectropolarimeter at 20-22 °C. At least

four spectra were averaged, and the data were smoothed by

the Jasco software. The instrument was calibrated with

ammonium (+>10-camphorsulfonate. Peptides were dis-

solved in water, and sodium phosphate buffer, pH 7.2, was

added to a final concentration of 25 mM. Peptide concentra-

tions were calculated from the absorption at 280 nm, using

an extinction coefficient of 5700 M~ l
. Concentrations of

hPTHrP analogues were determined from areas under the

HPLC peak, with hPTH(l-31)NH2 as reference standard.

Data are expressed per peptide bond. Residues as a-helix

were calculated from the value of #222. using a value of

-28 000 deg-cm2'dmor l as the ellipticity per bond (13, 25).

RESULTS

Lactams oflLeu*
7]hPTH(l-31)NH2 . We have described

previously the bioactivities of a cyclic analogue of hPTH-

(1-31), [Leu27]c(Glu22-Lys2'i)hPTH(l-31)NH2. This pep-

tide has dramatically improved properties in both AC
signaling and increasing of trabecular thickness in an

ovariectomized rat model for osteoporosis (17, 19, 26).

Recently, we reported that [Leu27]c(Glu22-Lys26)hPTH(l-
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Table 1: Mass and AC-Stimulaiing Activities of Cyclic Analogues of hPTH

mass mass activity

analogue (observed) (expected) ED5o*(nM)

fl "lc^E^'K^hPTHfl—3HNH-*
3702.34* 3704.3 11.5(±5.2) ff

3685.46 (±0.46) 3685,1 7.5 (±0.6)

[K 22,E2<\L27lhPTH( 1 -3 1 )NH2 3704. 19* 3703.1 15.8 (±2.9)

f

K

22 E26 lP}c(K?-}i26
) hPTHf 1 -3 1 )NHj 3684.84 (±0.47) 3685.1 6.5 (±0.3)

fl
27lhPTHd—29^NHi A 3487.85 (±1.08) 3489.2 13.0 (±0.7)

[L27]c(E22~K 26)hPTH( 1 -29)NH Z 3470.59 (±0.80) 3471.2 6.8 (±1.4)

rL27lhPTHf 1 -28)NH? 3360.75 (±0.51) 3361.1 19.1 (±3.1)

rL27WE22~K 2ft1hPTHf 1 —28)NHi
p26 i

27lhPTHn-31)NH?
3342.63 (±0.50) 3341.8 8.3 (±1.0)

3652.45 (±0.42) 3652.1 26.7 (±5.3)

[V_- ,1_» ji^V_- v_> ^ nr i ii\ i »i 1)1^112 3649.71 (±0.61) 3650.1 15.9 (±0.7)

f] 27 P^lhPTHf 1 —3 1 INHt 3704.19* 3704.1 2J.5 (±1.1)

[L2\K 25£wlhPTH( 1-31 )NH2 3675.53* 3675.1 29.0 (±3.6)

[L",K» E»]c( K^-E29
) hPTH( 1-31 )NH 2 3659.3* 3658.1 35.8 (±9.0)

[E ,7
(L27]hPTH(l-31)NH2 3745.0 (±0.52) 3745.2 13.9 (±2.8)

[E l7,L27]c(K ,3-E 17
) hPTH(I-31)NH2 3727.30 (±0.30) 3727.2 12.3 (±2.5)

[D ,7,L27]c(K' 3"D 1

7

,E22"K26
) hPTH( 1 -3 1 )NH2 3693.09 (±1.98) 3694.1 24.2 (±3.1)

[E'^L^JcCK^-E 17^22-^6
) hPTH(l-31)NH2 3709.60 (±0.46) 3710.4 8.0 (±0.7)

" Reference 17.
h Data from MALDI-TOF mass spectrum.
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Figure 2: CD spectra of C-tcrminal deletion analogues of [Leu^Jc-

(Glu22-Lys26)hPTH(l-31)NH2. (A) Spectra of hFTH(l-31)NH2 ,

1 19 (-) and 13^M (0)t and of [Uu27]c(Glu22-Lys26)hPTH-
(t-3l)NH2, 123 /<M(- -)andl2^M (•). (B) Spectra of [Leu27]-

hPTH(l-28)NH2, 81 fM (-), of rLeu27]hPTH(1 -28)NH2 , 17

pM (OX and of [Uu27]c(Glu»-Lys26)hPTH(l-28)NH2( 104 /<M
( ) and 16 (•).

28)NH2 has AC-stimulating activity and osteogenic activity

in the rat OVX model increased to levels comparable to

hPTH(l-31)NH2 or hPTH( 1 -34) (20). The AC-stimulating

activities of [Leu^JcCGlu^-Lys^hPTHd-l^^ and

[Leu27]c(Glu22-Lys26)hPTH(l-28)NH2 are shown in Table

I, and the CD spectrum of [Leu27]c(GIu22-Lys26)hPTH(l-
28)NH2 is shown in Figure 2. The effect of the cyclization

and substitution of Leu-27 is to increase the AC-stimulating

activity of the linear 1-28 and 1-29 analogues (4) about

5-fold to levels approaching that of [Leu27]c(Glu22-Lys26
)-

hPTH(l-31)NH 2 (Table 1). It also dramatically increases

the binding affinity of the 1—28 analogue for the human

receptors expressed in porcine kidney cells (20). The

corresponding CD spectra (Figure 2) demonstrate a substan-

tial increase in a-helix, similar to that observed with [Leu27
Jc-

(Glu22-Lys*)hPTH(l-31)NH2 compared to hPTH(l-31)-

NH2 (17). The CD spectra of the cyclic analogues of these

28- and 29-residue analogues and of [Leu27]c(Glu22—Lys26
)-

hPTH(l—3I)NH 2 also show a pronounced concentration

dependence, in contrast to the linear ones having a Leu-27

substitution (Figure 2). Thus, the concentration dependency

must result from stabilization of the a-helix by the 22—26

lactam. The apparent amount of a-helix of the cyclized form

at high concentration (104 /*M), 10 residues, is actually less

than observed at a lower concentration (16/^M), 1 1 residues,

but the spectrum is much more like that of an ideal a-helix

(25), as implied by the O-mlB-xs ratio being closer to 1. These

data are consistent with a relatively restricted region of the

sequence having a conformation closer to the idealized

a-helix. A theoretical study has demonstrated that the CD
spectrum is highly sensitive to the q>, angles of the peptide

and that a minimum of 7 residues in an a-helical configu-

ration is necessary to give its idealized spectrum (27). These

considerations suggest that residues 17-28 are stabilized as

a-helix by the presence of the lactam. This analysis ignores

the weak contribution of the rest of the molecule to [0fe22.

Although NMR evidence indicates a short a-helix between

residues 3 and 9 in hPTH(l-37) or hPTH(l-34) (25), no

evidence was found for this structure in the CD spectra of

hPTH fragments, particularly hPTH(l-19) (13). The lack

of CD evidence for this short helix is consistent with the

known dependency of helical signal per residue on the

number of helical residues (25). Helices shorter than about

nine residues are not expected to have any characteristic

helical spectrum (27). The dimerization likely has no

importance in terms of PTH function because the concentra-

tion at which it is observed is at least 1000-fold higher than

biological concentrations. However, it can lead to misinter-

preting spectral results in terms of biologically important

conformations. Two further possible complications exist in

interpreting the CD spectra. These are possible contributions

of the single Trp near 225 nm and a contribution from the

lactam. In earlier work, we found a strong CD in the 230-

300 nm spectral range in the lactam analogue c(Lys26~Asp30)-
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Figure 3: (A) CD spectrum of [Lys22.Glu2M-eu27]hPTH(l-3l)-

NH2 at 12 fiM ( ) compared with that of [Lcu27]hPTH-

(1 -3 1)NH 2 at 1 3 fiM (—). (B) CD spectra of [Lys22,Giu2fi,Leu27 ]c-

(Lvs22-Glu26)hPTH(l-31)NH 2 at 84 f*M ( ) and 12 fiM

(•) and of [Lys22,Glu26 tLeu27]hPTH(l-31)NH2 at 82 (thick

solid line) and 15 (thin solid line). The spectrum of [L27]c-

(E
22_K2fi)hPTH(l-31)NH2 at 12 has also been included for

comparison (O).

hPTH(20-34)NH2 (18). However, we did not find a sig-

nificant spectrum when we later examined [Leu27]c(Glu22-

Lys26)hPTH(I-3l)NH2 . One model for the single lactam

contribution is the CD of alkyl /^-lactams (29). The possible

contribution, using this model, is less than 200 deg cm2
/

dmol at 220 nm. We have ignored both of these contributions

as minor ones that do not affect the conclusions derived from

the spectra.

In an earlier study with a muiticyclic polypeptide model

compound, Osapay and Taylor (30) reported that Lys'.Glu1
'""

lactams were only weakly helix-stabilizing, in contrast to

Glu^Lys*4 ones. The analogue [Lys22,Glu26,Leu27]c(Lys
22-

Glu^hPTHa-SDNrfc is the same as [Leu27]c(Glu22-

Lys26)hPTH(l-31)NH2 but with residues 22 and 26 reversed

(Figure 1). This analogue had the same AC-stimulating

activity as [Leu27]c(Glu22-Lys26)hPTH(l-31)NH2 (Table 1).

When both were measured at similar low concentrations, the

CD spectra showed that the linear analogue is less helical,

as judged by its 0222 value (0222 = -7500) and a blue shift

from 205 to 203 nm of the lower wavelength minimum,

compared to [Leu27]hPTH(l-31)NH2 (6222 = -9800) (Fig-

ure 3A). In either analogue, ionic interactions between the

Glu-22 and Lys-26 side chains are expected to stabilize the

a-helix by about 0.5 kcal/mol (31). However, the effect of

interchanging the Glu-22 and Lys-26 residues is to lose the

stabilization of the Ser-17 to Gln-29 a-helix (72) resulting

from the side-chain interactions of Glu-22 and Lys-26 with

the helix macrodipole (32, 33). The CD spectra of both the

linear and cyclic analogues of [Lys22,Glu26,Leu27]hPTH(l-

31)NH2 at low and high concentrations indicated a change

in conformation to a more helical form at higher concentra-
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Figure 4: (A) CD spectra of [Leu27lhPTH(l-3l)NH2 , 95 fiU

(-), and of [Lys25
(Leu27,Glu29JhPTH(l-31)NH2 , 60 ( ).

(B) CD spectra of [Lys^Uu27,Glu29]hPTH(l-3])NH2 , 60 /<M

(
)T and of [Lys2-\Leu27,Glu29]c(Lyszs-Glu29)hPTH(l-3l)-

NH2 at 47 f*M (-).

tions, presumably as a result of dimerization. Comparison

of the two 22-26 lactams at the 12 fiM concentration showed

that the Lys-22 to Glu-26 cyclized analogue had less a-helix

(about 12 residues) than the corresponding analogue with

the natural sequence (about 14 residues), similar to earlier

observations with model peptides (30).

Two lactams of /, / + 4 spaced residues can be formed

from the native sequence of PTH, between residues 22 and

26 or residues 26 and 30. Only the analogue with a lactam

between residues 22 and 26 had an enhanced AC-stimulating

activity (77), presumably because it stabilizes a conformation

closer to that of the receptor-bound one. If one assumes that

residues 21-29 bind with the hydrophobic face of the

amphophilic a-helix interacting with the receptor, then an

analogue that has a lactam formed between appropriately

substituted residues 25 and 29 of the hydrophilic face should

have at least comparable activity to the native sequence. The

linear analogue [Lys23JjeuZ7 tG\u*>]hVTH( \ -3 1)NH2 . with an

ED50S, of 29 nM, was much less active than [Leu^JhPTH-

(1-3I)NH2 (ED50* 1 1.5 nM) (Table 1). The lactam analogue

[Leu27,Lys25,Glu29]c(Lys25-Glu29)hPTH( 1 -3 1 )NH2 had

slightly less activity (ED50* 36 nM) than the linear analogue,

similar to the effect of cyclization between residues 26 and

30(17). CD spectra comparing [Leu27]hPTH(l-31)NH2 and

[Lys25
fLeu27,Glu29]hPTH(l-31)NH2 indicated the latter had

more a-helL\ than the former (Figure 4A), as expected. The

mutations Arg25Lys and Gln29Glu are neutral in terms of

their single amino acid a-helix stabilizing effects (34).

However, there are two other competing effects on helical

stability resulting from the substitution of Glu for Gin at

position 29. The substitution has a negative effect on the

stability of the helix resulting from an unfavorable interaction

with the helix macrodipole and a positive effect resulting
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200 220 240 260

X, nm

Figure 5: CD spectra of [Cys22.Cys26,Leu27]hPTH( 1 -3 1 )NH2 . 22

/iM ( ), and of [Cys22
tCys26,Leu27]c(Cys32-Cys26)hPTH-

(1-31)NH 2 , 20 f*M (-). The spectrum of [Leu27]hPTH(l-31)-

NH2 (•) is shown for comparison.

from a favorable ion-pair stabilization between Lys-25 and

Glu-29. Ion pairs between /, / + 4 spaced residues have been

reported to stabilize a-helices (16) by about -0.5 kcal/mol

(JV, 35). This latter effect is the most important (52), resulting

in a net stabilization of the a-helix (Figure 4A). Lactam

formation resulted in increased a-helix, with 14 residues

estimated as a-helix in the cyclic form and 10 in the linear

(Figure 4B). The loss of activity seen in the linear analogue

suggests that one or both of residues 25 and 29 have at least

some interaction with the receptor, and the similar AC
[!* stimulation by the cyclic analogue suggests that the confor-

|: mational constraint afforded by this cyciization is not

|; specifically favorable to receptor binding. Solution structures

)£ from NMR data show that the side chains of Arg-25 and

|
: Gln-29 are spaced at least 10 A apart (28). If these

f i conformations reflect the receptor-bound one, then lactam

§• constraint would not be expected to have a positive effect

|! on receptor activation, as was observed (Table 1).

1 ; Cystine Analogues ofhPTH(J~31)NH2 . The lactam ana-

I;. Icgue [Leu27]c(Glu22-Lys26]hPTH(l-31)NH2 has 21 atoms

I| forming its ring, which, although stabilizing an a-helix in

|| the region of the cyciization, still permits considerable

I

;

conformational freedom. The corresponding cyclic analogue

I formed when residues 22 and 26 are mutated to Cys and

I then cyclized contains only 17 atoms in the ring, thus

I permitting fewer degrees of freedom. The linear analogue,

I (Cys^Cys2* Uu27]hPTH(l -3 1)NH2, has less activity than

1 [Leu27]hPTH(l-31)NH2 .
Cyciization of the molecule by

I oxidation to give [Cys2^Cys%,Uu27]c(CysK-Cys26)hPTH-

I; (1—31)NH2 significantly increased its activity, from an ED50*

I; of about 27 nM to 16 nM (Table I). Replacement of the

|1- Glu-22 and Lys-26 residues with Cys is expected to

jj
substantially reduce the a-helix stability, according to a

§i structure^based scale of a-helix propensities of amino acids

il (36). This is in agreement with the relative CD spectra of

l\
[Leu27]hPTH(l-31)NH2 and tCys

22,Cysa6,Leu27]hPTH(l-

§;. 31)NH2 , the former having eight residues in a-helix com-

pared to about six residues in the latter. Surprisingly,

comparison of the CD spectra of the linear and cyclic Cys-

22. Cys-26 analogues indicated little difference in their

conformations, the linear form having a slightly greater

helical content than the cyclic (Figure 5).

5 -

200 220 240 260

Xt nm

Figure 6: CD spectra of tGlu ,7,Leu27]hPTH(l-31)NH 2 , 12

(thin solid line), of [Glu l7JLeu27]c(Lvs l3-Glu l7)hPTH(l-31)NH 2 ,

12 uU (thick solid line), of [Glu'M-eu^Jc^ys^ -Glu 17^^22-

Lys26)hPTH(l-31)NH2 , 2.6 /^M (•). and of [Leu27]c(Glu22-Lys26
)-

hPTH(l-31)NH2 ,
\2ptM (•).

Double Cyclic Analogue of[Leu27]hPTH(l-31)NH2 . The

monocyclic analogue [Glu l7J.eu27]c(Lys ,3-Glu l7)hPTH(l-

31)NH2 had about the same activity compared to the linear

analogue, in contrast to the increased activity observed in

the monocyclic Glu-22 to Lys-26 analogue (Table 1). The

double cyclic analogue fGlu ,7,Leu27]c(Lys ,3-Glun,GIu22-

Lys26)hPTH(l-31)NH2 had an activity similar to that of

[Leu27]c(Glu22-Lys26)hPTH(l-31)NH2 . The CD spectra of

[Glu 17,Leu27]hPTH( 1 -3 1)NH2 ,
[Glu ".Leu^cO-ys l3-Glu ,7>

hPTH(l-31)NH2 ,
[Glu I7

1Leu
27]c(Giu22-Lys26)hPTH(l-31)-

NH2 , and [Glun,Leu27Jc(Lys ,3-Glu I7.Glu22-Lys2fi)hPTH-

(1-31)NH2 are shown in Figure 6. [Glu ,7,Leu27]hPTH-

(1-31)NH2 is substantially more a-helical than [Leu27
]-

* hPTH(l—31)NH2 ,
having an estimated 16 a-helical residues

as opposed to 1 1. Since the Serl7Glu substitution is expected

to be neutral in terms of helix stability (34, 56), we surmise

that the source of stability for the additional a-helix may be

the ionic interaction from the side chains of Lys-13-GIu-

17, which is absent in the natural sequence. The spectrum

of [Glu ,7,Leu27]c(Glu22-Lys26)hPTH(l-31)NH2 was very

similar to that of [Uu27]c(Glu22-Lys26)hPTH(l-31)NH2

(data not shown). The spectrum of [Glu l7JLeu27]c(Lys 13-

Glu 17)hPTH(l-31)NH2 is similar in shape to but less intense

than the spectrum of its linear form and is clearly less helical,

as indicated by its [0)222 value and [flWf 0]2c», than the

corresponding analogue where cyciization is between resi-

dues 22 and 26. All spectra are at concentrations from 7 to

12 fiM> where there is negligible aggregation. The spectrum

of the double cyclic is not the sum of the two monocyclics,

suggesting an interaction between the two cyclic regions.

Its apparent a-helix content, from the [9]m value, is about

the same as that of the 13-17 lactam analogue but

significantly less than that of the 22-26 lactam analogue.

The shape of its spectrum is, however, much more a-helical

than that of either analogue with the single lactam. NMR
data have indicated that PTH has a bend in the region of

Lys-13 to Ser-17 (57), and this makes the interpretation of

the CD results somewhat complicated. Tum structures can

have CD spectra somewhat similar to that observed with

a-helices, with a weak negative band at 225 nm but with a

positive ellipticity near 209 nm (38).
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Tabic 2: Mass and AC-StimuIating Activities of Cyclic Analogues

of hPTHrP

analogue

mass
(observed)

mass
(expected)

activity

EDw* (nM)

hPTHrP(1-31)NH 2

[E^K*]hPTHrP<l-31)NH2

[E^K^jcfE^-K 26
)

hPTHrP(l-31)NH 2

[K26]hPTHrP(l-31)NH2

(K 2h
Jc(K

26-EJO
)

hPTHrP(l-31)NH 2

3707.26 (±0.27)

3680.38 (±0.31)

3661.31 (±0.41)

3698.14 (±0.47)

3679.93 (±0.78)

3707.3

3679.1

3662.3

3698.1

3680.1

21.4 (±1.3)

8.2 (±0.9)

10.2 (±2.5)

7.7 (±2.1)

14.6 (±2.0)

Cyclic Analogues of PTHrP. PTHrP(l-31) also has an

amphophilic helical sequence between residues 21 and 31,

which we have postulated binds to the receptor in a manner

similar to the binding of the PTH amphiphilic helix (4). If

so, cyclizations on the polar face could have similar effects

on a-helix stabilization and AC stimulation to those observed

with PTH. To test this possibility, we synthesized [Glu22 ,-

Lys26 |hPTHrP(l-31)NH2 and [Lys26]hPTHrP(l-31)NH2

and their cyclic analogues, [Glu22,Lys26]c(Glu22-Lys26
)-

hPTHrP(l-31)NH2 and [Lys26]c(Lys
26-Glu*)hPTHrP-

(1-31)NH2 (Figure IB). The AC-stimulating activities of

these analogues as compared to the native hPTHrP are shown

in Table 2. Both of the linear analogues, [Glu^Lys26
]-

hPTHrP(l-31)NH2 and [Lys26]hPTHrP(l-31)NH2 , are more

active than the natural sequence hPTHrP( 1-31 )NH2.Lactam

formation diminished the AC-stimulating activity of each of

these linear analogues, with [Glu22,Lys26]hPTHrP( 1 —3 1)NH2

having about 80% of the activity of the linear form and

[Lys26]hPTHrP(l-31)NH2 having about 50% of the activity

of the linear one. Thus, relative activities of the two cyclic

analogues were similar to those observed with hPTH, but

neither improved the activity of the corresponding linear one.

The CD spectra of both of the cyclic analogues, [Glu22
,-

Lys^WGlu^-Lys^hPTHrPC 1 -3 1 )NH2 and [Lys^JcCLys*-

Glu30)hPTHrP(l-31)NH2, are clearly more a-helix-like, in

terms of the ratios of ellipticities at 222 and 209 nm, than

the linear forms (Figure 7). Despite this, the [^222 values

for the linear and cyclized Glu-22-Lys-26 analogues are very

similar. There is no evidence for concentration-dependent

dimerization of this Glu^-Lys26 cyclic analogue (Figure

7A), but there is evidence for dimerization of [Lys^lcO-ys26-

Glu30)hPTHrP(l-31)NH2 (Figure 7B). In this case, the

spectrum shows a characteristic increase in the [^222 value

and approach of the [Ohvt/W-m ratio toward 1, typical of

formation of a-helix, as the concentration increases. The

linear analogue [K26]hPTHrP-NH2 has less a-helix than

[Glu22
J.ys

26]hPTHrP(l-31)NH2 but more than its cyclized

analogue, [Lys^c^ys^-Glu^hPTHrP-N^. The spectra

suggest cyclization results in a localized a-helix in the region

of the lactam but an overall diminishing of helix in the mole-

cule. The data further imply the receptor-binding structure

of hPTHrP(l-31) is not a-helical near its C-terminus, similar

to hPTH(l-31), but is helical, but perhaps not perfectly

a-helical, in the region defined by the 22—26 lactam.

It is noteworthy that whereas hPTH has natural salt bridges

that occur between residues 22 and 26 or residues 26 and

30 when this region of PTH is in an a-helical conformation,

no such bridges are present in hPTHrP. In fact, hPTHrP-

(21 -31)NH2 , unlike [Leu27]hPTHrP(2 1
-3 1 )NH2 or even the

wild-type sequence hPTH(21-31)NH2, is not amphiphilic

and a-helical simultaneously. This is shown in Figure 8,

o
£o
E
o
•

•o

X

200 220 240 250

X, nm
Figure 7: CD spectra of cyclic analogues of hPTHrP( 1 -3 1 )NH2 .

(A) Spectra of [Glu22,Lys26]hPTHrP(l-31)NH2 . 14 pM (•), of

[Glu^Lys^jcCGlu^-Lys^hPTHrPCl-SDNHj, 68 pM (-) and

14 fiU (), and of hPTHrP(l -3 1 )NH2, 14 /<M (O). (B) Spectra of

[Lys26]hPTHrP(l-31)NH2, 14 (•), and of [Lys26lc(Lys26-

Glu^OhPTHrPO—31)NH2 , 68 //M (-) and 14 fiM (O).

100 120 140 160

Figure 8: Hydrophobic moments (39) for C-terminal helical region

of hPTH and hPTHrP. For an ideal a-helix, 6 is 100°. Calculated

moments are shown for the following peptides, with the value of

d for the maximum nearest 100° in parentheses: hPTH(21-31)

(95°), (-); hPTHrP(21-31) (82°), ( ); [GluM,Lys26]hPTHrP-
(21-31) (84°), (O); and [Lys26]hPTHrP(21-31) (81°), (•)

where the hydrophobic moment is calculated as a function

of helical angle (39). For an ideal amphiphilic a-helix, this

function has a maximum at 100°. The native sequence of

hPTHrP(21-31)NH2 has a maximum moment at 82°, well

displaced from that of 97° for [Leu27]hPTH(2l-3I)NH2 or

96° for hPTH(21-31)NH2 .

DISCUSSION

When a peptide, such as PTH, binds to its receptor, there

is a large entropic penalty due to loss of translational and
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* rotational degrees of freedom of the peptide (40). The overall

loss of entropy is partly diminished by the presence of

internal vibrational modes in the complex not present in the

unbound peptide (41, 42). The remaining contributions to a

favorable free energy of binding are assumed to result from

a favorable enthalpy of binding and entropic contributions

from the hydrophobic effect, including a favorable entropic

effect from the release of bound water from the nonpolar

side chains that become buried on complex formation.

Entropy-driven binding has been observed, for example, in

ligand binding to the <5-opoid receptor (43). Water release

has been shown to result in both favorable enthaipic and

entropic contributions, depending on the system (44).

Detailed studies with human growth hormone and its receptor

have shown that both enthaJpic and entropic effects can

determine favorable binding (45).

Regardless of the compensatory mechanisms to overcome

the unfavorable entropy change on receptor binding, a

suitable constraint of the peptide will increase receptor

binding by limitation of the degrees of freedom of the free

peptide. Such a cyclization must limit the conformations of

the peptide to a subset that includes the productively bound

conformations of the hormone. Early work indicated a-he-

lices are stabilized by GIu*"Lys+ /, i 4- 4 spaced salt bridges,

although not i, i + 3 spaced ones (J6). Later work with

amphophilic model peptides showed that lactams between

residues spaced /, i + 4 indeed stabilized the helices, but

this depended on the location and orientation of the residues.

Thus, Glu-Lys lactams were helix-stabilizing but Lys-Glu

t ones destabilized the a-helical conformation (46). In pio-

neering work, Felix et al. (47) applied lactam stabilization

|; to growth hormone-releasing factor (GRF), where they

|: reported that an analogue containing a lactam between

f residues 8 and 12 had a long a-helical segment and improved

I
bioactivity. These workers reported the structure of cyclic

|[
analogues between residues Asp-8 and Lys-12 and residues

Lys-21 and Asp-25. In both instances a-heiices near the

\
N-terminus and C-terminus were stabilized by the lactams

jj; (48). Although GRF and PTH share certain structural

j: features, including size, the location of their helices, and an

|

amphophilic helical sequence near their C-termini, the two

jf hormones share no sequence similarity. The reason for their

apparent structural similarities became clear after their

respective receptors had been isolated and shown to belong

to a common family (/).

|

Initially, we focused on lactam formation between natural

possible ion pairs: residues 22 and 26, 26 and 30, and 27

and 30. Our work on these lactam-containing analogues

;|;
situated in the osteogenically active fragment |Leu27 |hPTH-

(1—31)NH2 demonstrated that only the lactam between

| residues 22 and 26 led to both increased AC-stimuIating and

|i. osteogenic activities (17, 19). As shown here, the residues

l\ can be reversed without significantly affecting AC-stimulat-

| ing activity. Although it has been reported that Lys-Glu

jj!
orientations did not induce a-helix in a model peptide (46)>

|j
the effect observed depends on the context of the lactam,

jjj
Kapurniotu and Taylor (49) observed that only a Lys-Asp

|j
lactam induced a-helix among the three lactams of calcitonin

iji they examined, and Fry et al. (48) reported local helix

stabilization in a GRF analogue having a lactam between

Lys-21 and Asp-25. We did not observe any difference

between the CD spectra of the lactams when the pairs were

Glu-22-Lys-26 or Lys-22-Glu-26 at the highest concentra-

tions (about 80 j«M). However, spectra taken at a lower

concentration (about 15 /iM) did show a small difference

(Figure 3). One could argue that the situation at the higher

concentration, where there is likely dimerization, is perhaps

closer to that expected for the receptor-bound hormone.

Regardless, helix stabilization is associated with higher

agonist activity.

The Cys-22-Cys-26 cyclic analogue was prepared to study

the effect of reduction of ring size, in this case from 21 atoms

for the Glu-Lys lactam to 17 for the Cys-Cys one. AC-
stimulating activitiy was diminished by presence of the

double Cys mutation but partially overcome by cyclization.

The loss of helix in the linear analogue, observed in the CD
spectrum, is expected from known amino acid helix pro-

pensities (50). There was no helical stabilization, in com-
parison with either the linear [Cys22,Cys26,Leu 27]hPTH(l-
31)NH2 or fLeu27]hPTH(l-31)NH2 , as a result of ring

formation (Figure 5). This interpretation assumes that there

is no contribution of the cystine to the far-UV CD. A recent

study of bovine pancreatic trypsin inhibitor indicated that

no correction to the CD spectrum was necessary in this

wavelength region for a disulfide contribution (51). However,

it should be noted that there are uncertainties in the

interpretation of the CD data of our Cys analogues. A
theoretical study has demonstrated that the intensity of the

CD is quite sensitive to the specific <p, i/j angles present (27),

and the constraint of the smaller ring may yield a helix, but

with a different geometry than with the lactam. Loss of

activity, similar to that observed here, has been reported with

human growth hormone releasing hormone, which activates

a PTH-related receptor, on replacing an Asp-25~Orn-29

lactam with a Cys-Cys ring (52). Interpretation of these

changes in ring size requires that the effect of the substitu-

tions in the linear analogue also be considered, and this has

not always been done in studies reported in the literature.

Cyclization with a lactam between residues 13 and 17 of

hPTHrP(l-34) was observed to enhance AC stimulation of

a human osteosarcoma cell line, SaOS-2/B-10, by a factor

of about 3, and this activity enhancement was retained in a

double cyclized 13-17/26-30 analogue even though the

26—30 analogue itself was much less active than the linear

PTHrP (53). Double cyclic analogues of hPTH(l-31)NH2,

having 13-17 and 26-30, 13-17 and 18-22, or 18-22

and 26—30 lactams were described very recently (54). Their

results suggested only a bicyclic analogue with 18—22 and

22—26 lactams had increased activity relative to the linear

analogue. A double cyclic analogue of PTHrP(7-34)NH2 ,

with side-chain lactams between residues 13 and 17 and

residues 26 and 30, has been reported to have increased

antagonist activity compared to the linear parent (53). In our

work, AC stimulation of ROS 17/2 cells by [Glun,Leu27]c-
(Lys l3-Glu l7)hPTH(l-31)NH2 was approximately the same

as that of the linear analogue. However, enhancement was

increased in tGIu J7,Leu27]c(Lys l3-Glu ,7,Giu22-Lys26)hPTH-

(1-31)NH2 . The Asp-17 analogue, [Asp I7,Leu27]c(Lys 13-

Asp ,7
,Glu

22-Lys26)hPTH(l-31)NH2 . had diminished activity,

presumably due to the restriction of the smaller ring size of

the first cyclization (Table 1). Our CD results of Figure 6

show that the structure of the double cyclic mutant [Glu 17
,-

Leu27]c(Lys 13-Glu ,7)hPTH(l-31)NH 2 is not a simple sum
of the structures of the two single cyclic analogues. A similar
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Figure 9: Ratios of AC-stimulating activities of cyclic to corre-

sponding linear analogues of hPTH.

observation was reported in an earlier NMR and CD study

of mono- and bicyclic analogues of GRF, a hormone that

binds to a PTH-related receptor (48). Presumably, this is

because the peptide regions bounded by the lactams interact

with one another.

Although these data indicate that the region bounded by

residues 21 and 27 binds to the receptor as an a-helix, the

binding conformation of the C-tenminal region from about

residue 26 to 31 is most likely some type of distorted helix.

Analogues that are cyclized in this region either have no

increased activity as a result of cyclization, such as [Leu27
]c-

(LysK-Asp^hPTH(l-31)NH2 (17), or have lowered activ-

ity, as observed with the analogue [Lys25,Leu27,Glu29]c-

(Lys25-Glu29)hPTH(l-31)NH2 reported here. From these

data, PTH seems to bind to the receptor as an a-helix

between about residues 21 and 27 and a more extended helix,

or at least a distorted one, from about residue 27 to the

C-terminus, residue 31. We observed no enhancement of

activity on constraint of residues 13-17 alone. Since there

is a bend in linear PTH in this region, interpretation of the

CD data is difficult. Figure 9 summarizes the relative

activities of constrained versus linear analogues. It shows

clearly that only the region from about residues 21 to 27

likely is in a true a-helix conformation.

Our conclusions concerning the effect of cyclization on

the AC agonist activity of PTH are largely compatible with

the data recently reported by Condon et al. (54). They found

a modest effect of cyclization between residues 13 and 17

on AC stimulation and a strong effect of a midregion

cyclization, between residues 18 and 22, similar to the effect

observed by us between residues 22 and 26. There was no

additional enhancement of activity, relative to that of the

18-22 monocyclic analogue, with the 13- 17/22-26 bicyclic

analogue, but there appeared to be some additional activity

when the 26—30 region was cyclized in addition to the 18—

22 cyclization. However, their conclusions on the receptor-

bound conformation of PTH are not quite consistent with

our data. They concluded that hPTH(l-31) binds to the

receptor as one continuous helix, rather than the helix—

bend-helix inferred from numerous NMR studies on the

solution structure of PTH. To circumvent the low solubility

of the double lactam analogues, they performed their

experiments at pH —3.6 and in 20% acetonitrile. Under these

conditions, they obtained a strong CD signal with the tricyclic

analogue, which indicated this molecule was fully a-helical.

In addition, their experiments were performed at a concentra-

tion of 40 ^M, a level at which we observe dimerization

leading to increased helix in some cyclic analogues. Solubil-

ity of our double cyclic PTH analogues was also a problem,

necessitating the use of very dilute solutions. Acetonitrile

has been reported to induce a-helix in both model and natural

peptides (55, 56), and we suggest this difference in solvent

conditions and peptide concentrations likely explains the

difference in our results. It should also be noted that their

reported spectrum for hPTH(l—31)NH2 is very much more

intense, having a [6]222 of -19 300 compared to our

previously reported value of —7500 in neutral, aqueous buffer

(17). We cannot absolutely rule out the possibility that PTH
binds as a continuous helix, but we believe the preponderance

of data at this time is more indicative of it binding with some

bend near its midregion.

The activity and CD data reported here on similar ana-

logues of hPTHrP(l-31)NH2 are similar overall to the

observations with hPTH. However, there is no clear en-

hancement of AC stimulation by lactam formation between

residues 22 and 26 as is seen with PTH. A recent NMR study

of hPTHrP(l-34) indicated that this molecule has two

helices, a short one between His-5 and Asp- 10 and a longer

C-terminal one between residues Ser-14 and Ala-29, con-

nected by a flexible segment (37). As shown by their CD
spectra, cyclized tGlu22,Lys26]hPTHrP(l-31)NH2 had greater

a-helix than the linear sequence and cyclized [Lys^lhPTHrP-

(1-31)NH2 had less helical content than the linear one

(Figure 7). In either case, lactam formation constrained a

portion of the molecule to a-helix, as evidenced by the #222

values and particularly by the ratios #2<#/0222- There is

evidence from receptor interaction studies of PTH/PTHrP

hybrids that the residue 21-34 region of the two species

can be substituted independently and activate the receptor

and also that their 15-34 domains have similar receptor

affinities (57). This, along with knowledge that certain

residues on the hydrophobic face of the C-terminal a-helix

of hPTH are critical for receptor binding and activation,

implies that the PTHrP must adopt a somewhat similar

configuration to activate the receptor. The AC activation and

CD data presented here suggest that the conformation of

PTHrP bound to the receptor is likely a somewhat distorted

helix that would permit optimal interaction of its C-terminal

hydrophobic residues with the receptor and not the perfect

one that seems to characterize bound PTH in the 21—27

residue region.
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